We 
evolution, regulation, and potential function of HLIP are discussed.
The light-harvesting antenna of photosynthetic organisms have evolved to bind an array of different pigment molecules with various absorption maxima and form a multiprotein ordered structure in the membranes. These complexes efficiently harvest available light energy and, subsequently, transfer that energy to the photosynthetic reaction centers with minimal energy loss (1) .
The most abundant membrane proteins in plastids are the light-harvesting chlorophyll (Chl) a/b binding proteins (CABs), associated with photosystem (PS) I and II; those associated with PSII are designated light-harvesting CABs of PSII (LHCII). The CABs are a highly conserved family of nuclear-encoded proteins that contain three membranespanning helices (MSHs) and bind a minimum of 12 Chls and two xanthophylls (2) . The recent crystal structure determination of LHCII shows that the first and third MSHs are held together by ion pairs formed by charged residues that also bind Chla (3) . Residues involved in Chla binding are strictly conserved in all members of the CAB family and in the more distantly related fucoxanthin Chla/c binding proteins (FCPs) of the chromophytic algae (4) . The two xanthophylls are thought to be vital for the prevention of photodamage resulting from the generation of singlet oxygen species in the PSII reaction center.
The early light induced proteins (ELIPs) are another group of proteins that are homologous to CABs (5) (6) (7) (8) . ELIP mRNA increases transiently during the early stages of the maturation of an etioplast to a chloroplast. ELIPs can also accumulate in mature plastids during exposure of the plants to high light and appear to be associated with PSII reaction centers (9, 10) , suggesting a role for ELIPs in the acclimation of plants to high-intensity light (high light) (10 ,tmol.m-2_s-'. For experiments in which j3-glucuronidase (GUS) activity was quantitated, cultures were preincubated for 18 h at a fluence of 10 ,umol m2 s' (to reduce background GUS activity), before transfer to high light.
DNA Analysis and Sequence Determination. Genomic DNA was prepared from Synechococcus sp. as described (12) . Southern blot hybridizations were as described by Conley et al. (13) . A restriction map of the region containing the hliA gene was generated (see Fig. 1 ), and the 1.2-kb Pst I fragment was subcloned into the Bluescript vector (Stratagene). DNA sequencing was by the dideoxynucleotide chain-termination method (14) . Analyses of the nucleotide and the deduced amino acid sequences were performed using the GCG (Madison, WI) software package.
RNA Isolation and Primer-Extension Analysis. RNA isolated from Synechococcus sp. (15) was used for Northern blot hybridizations (16) . A DNA fragment extending from 119 bp upstream of the AUG start codon of the hliA gene to 97 bp downstream of the translation termination codon was used as a gene-specific probe. The psbAIII gene probe was the antisense transcript derived from plasmid pAM090 (17) and synthesized using an in vitro transcription kit with [a-32P]UTP (New England Nuclear). Primer-extension analysis was as described by Sambrook et al. (16) . The oligonucleotide 5'-TTGAGGTTCGATGGCGAAATTATTCTGACGACC-G-3', complementary to nt 57-90 (see Fig. 2A ), was used as a primer for hliA mRNA. The oligonucleotide 5'-CACGGG-TTGGGGTTTCTACAGGACGTAACATAAGGG-3', complementary to nt -5 to +31 in the uidA gene (encoding GUS), was used as a primer for the hliA-GUS chimeric mRNA.
Construction of Plasmids Containing hiiA Promoter-GUS Fusions. A 2.4-kb EcoRI-HindIII fragment containing the uidA gene from pBIN101.3 (Clontech) was blunt-end-ligated into the Sma I-Stu I sites within the polycloning site of the shuttle vector pCB4 (18) +41 in Fig. 2A ) and was ligated into the Sal I-BamHI sites of pGUS267-1 at a position 24 bp upstream of the AUG initiator codon of uidA to create pHLIP-GUS. The translational fusion contained 467 bp upstream of the transcription start site, 27 bp of the transcribed untranslated 5' leader, and 15 bp encoding the first 5 aa of HLIP fused in-frame with the AUG start codon of uidA. Transformations and GUS Assays. Synechococcus sp. cells, grown to midlogarithmic phase, were transformed with pH-LIP-GUS and pGUS267-1 as described (11) . Individual transformants were selected on solid BG-11 medium supplemented with ampicillin at 2 ,ug/ml. GUS activity was determined by the protocol of Wilson etal. (19) and protein concentrations of cell lysates were measured using the Micro BCA protein assay kit (Pierce).
Radiation Sources. Photon fluences for visible and UVradiation were measured with a quantum photometer (model Li-185B; Li-Cor, Lincoln, NE) and a portable Spectroradiometer (model Li-1800; Li-Cor), respectively. Cells were placed in a thermostated glass chamber (maintained at 32°C) and exposed to different intensities of white light (650-W tungsten lamp, Type DWY; General Electric). Blue and red light were obtained by passing light from a 300-W ELH bulb (Kodak) through blue (no.5113 with maximal transmission at 436 nm; Corning) and red (type B-40 with maximal transmission at 660 nm; Balzers) interference filters, respectively. UV-A radiation, from 320 to 410 nm with a peak at 366 nm, was obtained using self-filtering black-light blue bulbs (no. F1ST8/BLB; General Electric). UV-B radiation, from 290 to 350 nm with a peak at 310 nm, was obtained using a UV-B-specific lamp (no. 3-4404; Fotodyne, New Berlin, WI).
RESULTS
Sequencing of an 8-kb Sal I genomic fragment isolated during the characterization of a filamentous Synechococcus sp. mutant (11) revealed the presence of an open reading frame (ORF), designated hMiA, encoding a small polypeptide of 72 aa (HLIP) with significant similarity to the first and third MSHs of the CABs and ELIPs of higher plants. A map of the region containing the hliA gene is shown in Fig. 1 . A Southern blot of genomic DNA digested with five endonucleases and hybridized at moderate stringency (30% mismatch) with the 0.7-kbp EcoRI-Pst I fragment, containing hMiA, is also shown. In all five lanes, there is only one hybridizing fragment, suggesting that the hliA gene exists as a single copy on the cyanobacterial genome.
The nucleotide sequence of hliA and the deduced amino acid sequence of HLIP is shown in Fig. 24 . A potential ribosome-binding site precedes the translation start site and an inverted repeat is located at the 3' end of the ORF. A Kyte-Doolittle hydropathy plot and Chou-Fasman analysis for a-helices indicate that there is a potential MSH within the region extending from aa 24 to 55.
The hliA gene has similarity to genes encoding characterized members of the CAB extended family of proteins and to small ORFs present in the GenBank data base. The ORF to which the hliA gene bears the strongest similarity (49% identity, 61% similarity) is on the chloroplast genome of the unicellular red alga Cyanidium caldarium (20) ; it encodes a putative polypeptide of 50 aa (Fig. 2B ). This ORF is 52 bp downstream of the psbC termination codon and is transcribed in the opposite direction of the psbD-psbC operon. In the filamentous cyanobacterium Anabaena sp. strain PCC 7120, an ORF (59 aa) similar to that of hliA (42% identical; Fig. 2B ) is 121 bp downstream of the sigA gene (sigA encodes RNA polymerase o-factor) (21) . An alignment of the Synechococcus sp. HLIP and theAnabaena and Cyanidium ORFs shows that the region of strongest similarity among the sequences lies between aa 37 and 52 (numbering based on Synechococcus sp. HLIP), which is within the MSH of HLIP. Therefore, the cyanobacterial and Cyanidium genes encoding the small CAB-like polypeptides may form an HLIP subfamily of the CAB extended family. Only the Synechococcus sp. HLIP has a somewhat hydrophobic domain of 20 aa at the N terminus.
The three sequences discussed above are similar to both MSH1 and MSH3 of the CABs, ELIPs, FCPs, and PsbS. PsbS is a 22-kDa member of the CAB extended family that is associated with PSII and has four MSHs (23, 24) . MSH1 and MSH3 of the CABs are also similar to each other. An alignment of HLIP with MSH1 and MSH3 of representative members of the CAB extended family is shown in Fig. 2C . The greatest similarity occurs within a stretch of 16 aa in the middle of MSH1 (aa 63-78 of LHCII) and MSH3 (aa 178-193 of LHCII). The residues in MSH1 and MSH3 known to bind Chla (3) are Glu-65, His-68, and Gly-78 (of MSH1) and Glu-180, Asn-183, and Gln-197 (of MSH3). The residues Glu-65-Arg-185 and Glu-180-Arg-70 are involved in forming ion pairs that link MSH1 and MSH3.
Since hliA appeared to be related to a family of genes of which many are regulated by both light quality and intensity, we examined its expression with respect to light. RNA was isolated at various times during the exposure of cells to 4 h of high light (500 ,umol m2 s') followed by 2 h of low light (50 pmolm-2s-1). Northern blot hybridizations were performed with ahliA orpsbAIIIgene-specific probe (Fig. 3A) . As noted (25, 26) , the psbAIII gene is strongly induced under high light. The hliA transcript, -250 bases long, also accumulates after exposure to high light. However, the kinetics of accumulation of the two transcripts are different. hliA mRNA levels increase within 15 min ofthe transfer ofcells to high light, accumulate to a maximum within 1 h, and decline by 2 h to 25% of the maximum value. In contrast, the psbAIII transcript accumulates gradually over a 2-h period and remnains at a high level during the entire high light treatment. After shifting the cells to low light, both the psbAIII and hliA transcripts decay rapidly.
To investigate wavelengths and intensity-dependent regulation of hMlA, a shuttle vector was constructed in which the uidA reporter gene was fused to the hliA promoter (pHLIP-GUS). Synechococcus sp. cells transformed with pHLIP-GUS or with the promoterless pGUS267-1 were grown at a light intensity of 50 1molm2s1 and then transferred to 500 nolm2s'.
Primer-extension analysis was carried out on RNA isolated from transformants after 0, 1, 2, 4, and 7 h in high light (Fig. 3B) accumulation of the hhiA-GUS mRNA were similar to those of the endogenous hliA transcript (compare Fig. 3 A and B) . The hliA-GUS transcript does, however, appear to be more stable than the hliA transcript; the latter is barely detectable after 4 in the light while the former is still present at 30% of the maximal level. Based on this data, it was feasible to use the levels of GUS activity to measure hliA gene expression.
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We investigated the effect of various light intensities on hliA gene expression. Cultures maintained at 10 ,umol m-2_S-1 for 18 h were transferred to white light of 100, 500, or 1000 ,umol m-2.s-1 and the GUS activity was measured 0, 2, 4, and 6 h after the various light treatments (Fig. 44 ). There is a discernible induction of activity after 2 h at 100 ,umol m-2.s-1 with no further increase between 2 and 6 h after the transfer. At 500 ,umol m-2_s-1, there is a 4-fold increase after 2 h and an additional 2-fold increase after 4 h but practically no increase between 4 and 6 h. Exposure of the cells to 1000 gmol-m2-S1 caused an 8-fold induction in GUS activity within 2 h and a 27-fold increase by 6 h. We also investigated the effects of different wavelengths on expression of the hliA-GUS reporter gene. Red light at 20 and 100 ,umol.m-2 s-1 caused little induction, whereas blue light at 20 and 100 ,mol m2 s1 caused a 3-to 4-fold increase in GUS activity. The most dramatic induction (10-fold) was caused by 6 h of UV-A radiation at 22 gmolm-2s-1. UV-A at 11
ILmolm-2s-I also caused induction, but to a lesser extent (6-fold). UV-B light caused extensive bleaching within 2 h and was not used in further studies.
DISCUSSION
There has been considerable interest in understanding the evolution of and relationship among the various members of the CAB extended protein family (27) . This family includes ELIPs of higher plants and green algae, FCPs of the chromophytic algae, and the PsbS polypeptide of PSII (27) . All of these proteins have sequence similarities and contain three a-helical MSHs, except for PsbS, which has four. MSH1 and MSH3 are most conserved among the different family members and are also similar to each other, suggesting that they arose via a gene duplication (27) .
The similarity between HLIP and the CABs suggests that the former is a single helix progenitor of the latter. The similarity between CAB and the first three helices of PsbS suggests that they had a common four-helix ancestor (27) (28) . It is also conceivable that the HLIP forms a homodimer in the thylakoid membranes via the Glu and Arg residues analogous to those that facilitate the pairing of MSH1 and MSH3 of LHCII polypeptides. Since the ion pairing would be intermolecular for HLIPs, rather than intramolecular, the association might be more labile (Chla binding might also be more labile).
A number of genes encoding FCPs and CABs are regulated by light (29, 30) . ELIPs, which appear to be closely associated with PSII (9, 31) , accumulate in mature pea leaves subjected to high light; the most pronounced induction is in high-fluence blue/UV-A radiation. An ELIP from Dunaliella increases in abundance when the alga is exposed to high light (7) and may be a zeaxanthin-binding protein (32 Increased expression from hliA in high light suggests a role for HLIP in the acclimation of cyanobacteria to phototoxic conditions. However, the role of HLIP in photoprotection is unclear since a strain in which the hliA gene was disrupted exhibited no unusual phenotype when grown in high or low light (unpublished data).
Genes that are regulated similarly by light may have common regulatory elements. In cyanobacteria the genes encoding Dl (psbA) and D2 (psbD) of the PSII reaction centers are present in multiple copies (26, 35) ; some copies of these genes are specifically activated by a short exposure to high light (35) . The single copy psbD-psbC operon on the plastid genome of barley was shown to be induced by blue/UV-radiation (36) (37) (38) . Transcription from the psbD-psbC operon is controlled by a light-responsive promoter (LRP) that is conserved between dicots and monocots (39) . The region upstream of the hliA transcription start site has no similarity to the promoter regions of the cyanobacterial light-regulated psbA and psbD genes or to the conserved LRP elements.
